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Abstract 
Individual based simulations of population dynamics require the availability of growth mod- 
els with adequate complexity. For this purpose asimple-to-use model (non-linear multiple 
regression approach) ispresented describing somatic growth and reproduction fDaphnia as 
a function of time, temperature and food quantity. The model showed agood agreement with 
punished observations ofsomatic growth (r 2 = 0.954, n = 88) and egg production (r2 = 0.898, 
n = 35). Temperature is the main determinant of initial somatic growth and food concentra- 
tion is the main determinant ofmaximal body length and clutch size. An individual based 
simulation was used to demonstrate the simultaneous effects of food and temperature onthe 
population level. Evidently, both temperature and food supply affected the population 
growth rate but at food concentrations above approximately 0.4 mg C 1-1 Scenedesmus acutus 
temperature appeared as the main determinant of population growth. 
Four simulation examples are given to show the wide applicability of the model: (1) analysis 
of the correlation between population birth rate and somatic growth rate, (2) contribution of 
egg development time and delayed somatic growth to temperature-effects on population 
growth, (3) comparison of population birth rate in simulations with constant vs. decreasing 
size at maturity with declining food concentrations and (4) costs of diel vertical migration. 
Due to its plausible behaviour over a broad range of temperature (2-20 °C) and food condi- 
tions (0.1-4 mg C 1-1) the model can be used as a module for more detailed simulations of 
Daphnia population dynamics under ealistic environmental conditions. 
Key words: Daphnia - Cladocera - somatic growth - reproduction - food - temperature - 
multiple regression model - individual based simulation - population birth rate - diel verti- 
cal migration 
Introduction 
Studies about population dynamics of Daphnia have 
shown the necessity to investigate individual level pro- 
cesses, which can contribute substantially toour under- 
standing of the population level, e.g. size selective pre- 
dation or increased mortality through senescence ( .g. 
LYNCH 1979; GURNEY et al. 1990; MooIJ et al. 1997; 
HI~LSMANN & WE1LER 2000; H/2LSMANN 2003). There- 
fore, modelling approaches tothese phenomena h ve to 
be focussed on the individual level and the development 
of such models implies a strong demand for a detailed 
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description of individual ontogeny and reproductive po- 
tential. Numerous investigations have dealt with the de- 
scription of daphnid growth and reproduction i relation 
to environmental conditions (e.g. RICHMAN 1958; HALL 
1964; V~JVERBEaG 1976; LAMPERT 1978; GLIWICZ 1990; 
GIEBELHAUSEN & LAMPERT 2001) and both processes 
are, of course, influenced by a number of environmental 
factors whose comprehensive d scription is still a chal- 
lenge for ecologists. Among existing model approaches 
the concept of dynamic energy budget models (DEB- 
models; see KOOIJMAN 2001, formerly called energy al- 
location models) appeared to be the most convincing ap- 
proach simply because of its mechanistic methodology 
(e.g. PALOHEIMO et al. 1982; KOOIJMAN 1986; GURNE¥ et 
al. 1990; HALLAM et al. 1990). Growth and reproduction 
of individuals are modelled on basis of a carbon budget 
and detailed physiological information about ingestion, 
assimilation and metabolism is integrated. However, up 
to now all DEB-models of Daphnia, known so far to the 
authors, were focussed on food dependent dynamics and 
assumed a constant emperature (mostly 20 °C). Al- 
though the model structure allows the inclusion of vari- 
able temperature, this step is still not completed and con- 
sequently prevents an application of DEB-models to the 
simulation of field conditions. An introduction of vari- 
able temperature into such models demands avery de- 
tailed knowledge about emperature action orms of 
all physiological rates of Daphnia, which might be still 
problematic. 
Recently, MooIJ et al. (2003) modelled somatic 
growth and egg production of Daphnia gaIeata in the 
field using a multiple regression approach without he 
explicit description of physiological processes like in- 
gestion, assimilation or metabolism. They successfully 
simulated the dynamics of a field population under vari- 
able conditions of food and temperature. However, their 
approach still utilized food supply only indirectly by an 
observed standard egg production, which is needed as 
external forcing data by the model. Therefore, this 
model cannot be applied to such situations where egg 
production data are not available. Hence, it would be 
preferable to have egg production as a direct output of 
the model for applications related to field conditions. By 
retaining a simplified model structure this would allow 
the application of food supply and temperature asinde- 
pendent variables and the calculation of somatic growth 
and egg production as dependent variables. 
The morphology and thus the ontogenetic develop- 
ment and reproduction differ quantitatively between 
species within the genus Daphnia. Therefore, the model 
has to be focussed on a distinct group of similar species 
to minimise the influence of interspecific differences. 
We chose the Daphnia galeata/hyalina species complex 
comprising D. galeata, D. hyalina, D. cucculata nd 
their hybrids (FL6SSNER & KRAUS 1986; SCHWENK & 
SPAAK 1995; SPAAK ~; BOERSMA 2001). These species 
are typical and widespread inhabitants of the pelagic 
zone of temperate lakes. In particular, the two species D. 
galeata nd D. hyalina are closely related to each other 
and show similar morphological properties (WOLF & 
MOaT 1986; FL(SSSN~R 2000). Consequently, the model 
was exclusively developed on growth data of either one 
of these species or their hybrid D. galeata x hyalina. Al- 
though the current parameterisation is restricted to this 
species complex, the presented model framework allows 
the simulation of other species of the genus Daphnia 
under the condition that individual level data are avail- 
able for a suitable parameterisation. 
The aim of our study was to develop atool for the es- 
timation of somatic growth and reproduction of Daph- 
nia, based on an empirically derived simple-to-use 
model formulation that was calibrated on experimental 
data of D. hyalina/galeata. As a new outcome, the 
model allows the quantitative study of the effects of 
both food and temperature on individual growth and re- 
production as well as on population growth. For the lat- 
ter, the model formulation will be applied within an in- 
dividual based simulation. Finally, four exemplary ap- 
plications of the model will show its general appl!cabil- 
ity. The quantitative view presented should provide a 
contribution to the understanding of the dynamic devel- 
opment of individual daphnids and natural Daphnia 
populations. 
Methods 
Model of growth and reproduction 
A non-linear multiple regression approach was chosen 
for the model formulation, which basically consists of 
the two components somatic growth and reproduction. 
We assumed food supply and temperature asinput vari- 
ables and intentionally neglected other environmental 
factors. Literature data from experimental studies were 
used for the construction and calibration of the model. 
The increase of body length was modelled as a continu- 
ous process although in reality somatic growth (in terms 
of length increase) of Daphnia lmost only occurs after 
molting and thus stepwise. This facilitated the applica- 
tion of common parameter stimation procedures for the 
calibration of the model. 
Only parthenogenetic reproduction was considered. It 
can be described by the two processes of egg production 
(clutch size) and egg development time. Whereas egg 
development time of Daphnia can be understood as a 
process olely depending on temperature (BoTTaEII et 
al. 1976; KERFOOT 1985; SAUNDEaS et al. 1999), the 
process of egg production is not yet characterised satis- 
factorily. Therefore, our approach of describing daphnid 
reproduction was focussed on describing the depen- 
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dence of egg production on temperature and food. In the 
individual based simulation, egg development time was 
calculated according to B OTTRELL et al. (1976). 
The model was constructed stepwise. First, a set of 
suitable functions has to be found to correctly reflect he 
food- and temperature-dependent effects on growth and 
reproduction. The goodness of fit was examined graphi- 
cally and by using the coefficient of determination (r2). 
A baseline model containing appropriate functional rela- 
tionships - but an inadequate parameterisation - was the 
result of this first step. In a second step, the parameteri- 
sation of the baseline model was calibrated on a broad 
basis of experimental data to achieve a generalised 
model formulation with more realistic model behaviour. 
The statistical computations (explorative ANOVA/AN- 
COVA and parameter stimation of the non-linear multi- 
ple regression via a Gauss Newton algorithm) were con- 
ducted with the statistical package R (IHAKA & GENTLE- 
MAY 1996). 
Individual based simulation 
In order to assign effects of food and temperature on 
individual growth and reproduction tothe population 
level, an individual based simulation (DEANGEI.IS & 
GROSS 1992) was performed. The simulations (time 
step lh) were performed using the JAVA language 
(Sun Microsystems). All runs of the individual based 
model (IBM) started with one neonate Daphnia and 
simulated the population development for 60 days. 
Size of neonates was set to 0.65 mm corresponding to 
observations of the publications used for model cali- 
bration and size at maturity was set to 1.5 mm (STICH 
& LAMPERT 1984; SPAAK et al. 2000; HIJLSMANN 
2001). After reaching maturity, the individuals tart 
egg production and deposit eggs in their brood pouch. 
Individual clutch sizes were calculated according to 
the model specification using the actual body length at 
the time when a new set of eggs is deposited. After egg 
development time (temperature-dependent according 
to BOTTRELL et al. 1976), the hatchlings are released as 
neonates (age t -- 0) and a new clutch of eggs is de- 
posited. No mortality and no density dependent pro- 
cesses were applied to the population leading to an ex- 
ponential growth. The sum of all individuals born in a 
simulation indicates the growth potential of the popu- 
lation at the respective food and temperature condi- 
tions. The population birth rate b (b = [ln(Xt2) - 
ln(Xtl)]/(t2-tl)) was used to assess individual fitness 
and is interpreted as an integrated measure of both in- 
dividual somatic growth (larger animals produce larger 
clutches) and reproduction. A systematic set of combi- 
nations of food (in the range of 0.1-4 mg C 1-1 
Scenedesmus acutus) and temperature (in the range of 
2-20 °C) was applied to the simulation. 
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Model applications 
Four specific model runs were studied as examples of 
model applications. Firstly, we compared population 
birth rate with individual somatic growth rate. In exper- 
imental studies the juvenile somatic growth rate was 
found to be strongly correlated with population birth 
rate (LAMPERT & TRUBETSKOVA 1996). In order to com- 
pare individual somatic growth with population birth 
rate, the model specification for somatic growth was 
used to calculate a juvenile growth rate g (g = [ln(W1) -
ln(W0)]/(tl-t0)). By using the increment in body mass 
from the age of 0 to 4 days, the juvenile growth rate g of 
individuals was calculated according to LAMPERT & 
TRUBETSKOVA (1996). The individual body weight was 
calculated using the body length-weight relationship of 
D. hyalina taken from GELLER (1989). Secondly, the ef- 
fects of temperature onpopulation birth rate were inves- 
tigated. Longer egg development times as well as de- 
layed somatic growth should both lead to smaller popu- 
lation birth rate at decreasing temperatures but in reality 
it is not possible to separate these two effects from each 
other. Using our model, this can be done by modifying 
the model in such a way that somatic growth took place 
according to ambient temperature but egg development 
time was set to the corresponding value at 20 °C. We ran 
the model at different temperatures and compared the 
outcome (i.e. population birth rate) with the respective 
standard scenarios. This procedure xcluded the influ- 
ence of egg development time from the temperature ef- 
fects on population growth rate. Thus, we were able to 
quantify how delayed somatic growth, which is the 
solely remaining factor, affects the population growth 
rate. We did this comparison ata limiting and a non-lim- 
iting food concentration (0.1 and 0.75 mg C 1-I). Third- 
ly, a food-dependent size at maturity (SAM) was ap- 
plied to the model and compared to the standard sce- 
nario with a fixed size at maturity. We used data of 
BOESRMA & VIJVERBERG (1995b), who found that SAM 
decreased with food concentration (data at 17.5 °C and 
0.13, 0.25, 0.5 and 2.5 mg C 1-1). Fourthly, we calculat- 
ed the costs of diel vertical migration. The observations 
of STlcI~ (1989) about diel vertical migration of Daph- 
nia hyalina in Lake Constance were used for this sce- 
nario (data from 15th/16 thAugust 1977). He gave tem- 
peratures and food concentrations at the mean popula- 
tion depths during day and night of the population. Food 
concentrations were measured as mg carbon per litre of 
POC < 30 gm. According to M~LLER-NAVARRA & LAM- 
PERT (1996) this food concentration was divided by 2 to 
take roughly into consideration food quality and esti- 
mate food in terms of mg C per litre of Scenedesmus 
acutus. Birth rates of the migrating population were cal- 
culated as time-weighted mean of birth rates during day 
and night. 
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Resu l ts  
Development of the baseline model 
We examined the data of HALL (1964) in order to find a 
satisfying set of functions describing the kinetics of 
growth and reproduction under varying conditions of 
temperature and food. HALL (1964) simultaneously in-
vestigated somatic growth and egg production of Daph- 
nia galeata mendotae in relation to three different tem- 
peratures (1 I°C, 20 °C and 25 °C) and three food levels. 
The food supply consisted of a mixture of ChloreIIa and 
Ankistrodesmus whereby Ankistrodesmus dominated the 
mixture with ca. 95% of individual abundance (D.J. 
HALL, pers. com.). Food concentration was expressed as 
Klett units (optical density measured with a Klett-Sum- 
merson photometer) and three different food levels were 
investigated (0.25, 1 and 16 Klett units). The value of 16 
Klett units refers to approximately 106 cells m1-1. The 
data of HALL (1964) offered the possibility to concur- 
rently investigate effects of temperature and food supply 
on growth and reproduction on one consistent data set, 
which avoided eviations arising from different experi- 
mentalists or experimental setups. 
• Baseline model: Somatic growth 
The model of somatic growth was based on the von 
Bertalanffy equation (YON BERTALANFFY 1957) that is 
commonly used in models of daphnid somatic growth 
(KoOIJMAN 1986; MOOIJ et al. 1997) and is given as Eq. 
1 according to GURNEY (1998). 
L = Lmax - (Lmax - L0) e -kt (1) 
Here, L corresponds tothe body length (mm) of an indi- 
vidual at the age t (t=0 at hatching) and L ..... and Lo de- 
note the maximal body length of adults and the body 
length of neonates, respectively. The yon Bertalanffy 
growth coefficient k is responsible for the initial slope of 
the growth curve. For all factor combinations the param- 
eter Lo was set to 0.35 mm representing the mean value 
of the extrapolated growth curves in HALL'S data. 
The parameter k showed an exponential increase (Eq. 
2) with temperature (7). 
k = b~" e -b2' r (2) 
Regression residuals revealed no apparent pattern over 
food concentrations (ANOVA, p = 0.42). In contrast to 
this, food concentration (F) displayed a strong influence 
on parameter Lma x that was modelled using a Holling 
type If functional response plus an additional constant. 
However, residuals of this model were still influenced 
by temperature (ANOVA;p = 0.049) and showed a neg- 
ative trend towards higher temperatures. This trend be- 
came more obvious when associating parameter k.in- 
stead of temperature itself, which was taken into account 
by an additional term (Eq. 3). 
al -F  
Lmax - - -  + a3 - k. a4 (3) 
a2+F 
An overall parameter estimation (least squares) was fi- 
nally conducted on the complete dataset (Table 1) that 
resulted in a high coefficient of determination (Fig. 1, 
r 2 = 0.983, n = 110). 
• Baseline model: Reproduction 
Again, the data were taken from HALL (1964). Individu- 
al body length at the time of spawning was calculated 
using the somatic growth model described above. In ac- 
cordance with HALL and further publications (e.g. STICH 
Table 1. Parameter estimates for the multiple regression model of 
somatic growth (baseline model)fitted on the data set of HALL (1964) 
using Eq. 1-3 (p = significance level). 
Parameter Value Unit Standard error p 
az 1.167 mm 0.073 <0.001 
at 0.573 mg C I -~ 0.103 <0.001 
a3 1.420 mm 0.108 < 0.001 
a4 2.397 d 0.623 < 0.001 
b7 5.11'10 -3 d -1 4.6'10 .4 <0.001 
b~ 0.122 (°C)-1 0.004 < 0.001 
Lo, Ha/~ 0.35 mm fixed parameter*) - 
*) According to HALL (1964). 
3I 11oo I 
21 16 Klett 
i i i i i i 
a I 11o0 
i 
i i i i i i 
a I 11oc 
2t 0.25 Klett 
1 
0 20 40 
20°C 
0 20 40 0 20 40 
Age (d) 
Fig. 1. Comparison of the multiple regression model (lines) and the 
respective growth data for different combinations of temperature 
and food concentrations (points). Food concentration is given as Klett 
units. No data were available for the combination 11 °C and 0.25 
Klett units (overall r 2 = 0.983). 
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& LAMPERT 1984; ARBA~IAUSCAS & GASIUNAITE 1996; 
HOLSMANN 2001) a linear increase of clutch size (E) 
with body length (L) was assumed (Eq. 4). 
E = ~L + [3 (4) 
An ANCOVA revealed asignificant effect of food con- 
centration on the regressions of body length and clutch 
size, whereas neither an effect of temperature nor an in- 
teraction could be found (Table 2 and Fig. 2). A Holling 
type II functional response model was used to calculate 
the slope (o0 of the length-clutch size relationship (Eq. 
5). The intercept (~) decreased with increasing food sup- 
ply as given by (Eq. 6). However, an examination f the 
significance of these parameters evealed anegligible 
influence of the parameter u~ on the coefficient of deter- 
mination although this parameter is needed for consis- 
tent dimensions. We decided to apply a fixed value of 
1.0 litre per mg C as a pure unit conversion factor in 
order to provide dimensional correctness without pro- 
viding another degree of freedom. 
O~ -- Xmax' slope" F 
Ks, ,iop~ + F (5) 
= ~min" (1 -  e-"~ F) (6) 
Table 2. ANCOVA results of clutch size with body length as covari- 
ate (data taken from HALL, 1964, p = significance level). 
Factor df (effect) df (error) F p 
Food 2 89 17.58 < 0.001 
Temperature 2 89 1.76 0.179 
Interaction 4 89 2.13 0.084 
30 
a 
,~ 20 
10 
-e -  11oc  
. .o .  20°C 
-~-  25oc  
! 
I I 
0 
o 
u~ 
4 o. 
t . . '  
u 
u 
+ 
,~- 0.25 Klett %, 
. . " .  1 Ktett ~ 
- + - 16 Klett +/ /4 -  
+ /4.+ 
+ z~.,~ 
I I I 
2 0 
Body length (mm) 
I I I 
1 2 
Fig. 2. Linear regressions for clutch size against body length for dif- 
ferent temperatures (left) and different food concentrations (right). 
Data were taken from HALL (1964). Slopes of all regressions were 
highly significant (p < 0.001 in all cases). Nevertheless, only food has 
a significant effect on the slopes and no significant effect of tempera- 
ture could be found (Table 2). 
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Again, parameter stimation (least squares) was con- 
ducted and showed a high coefficient of determination 
(Table 3, Fig. 3, r 2 = 0.872, n = 99). 
Development of the generalised model 
The parameter set obtained by fitting on HALL'S data 
represented a suitable solution for the description of his 
data set but seemed to lack generality when compared to 
results from other studies of the Daphnia galeata/hyali- 
na species complex. In particular, the usage of Klett 
units as a measure of food supply is problematic and dif- 
ficult to associate with results from similar investiga- 
tions. Moreover, the comparison with data on growth 
and egg production from other publications revealed 
that: (i) the value for Lo -- 0.35 mm appeared to be very 
low (e.g. DE MEESTER & WELDER 1999), (ii) the mea- 
sured clutch sizes were uncommonly high (e.g. H~LS- 
MANN 2001) and (iii) the initial slope of the growth 
curves was relatively low (e.g. GIANI 1991). As a more 
general solution we calibrated the baseline model on a 
broader basis of experimental data. However, the gener- 
al functional relationships, i.e. the Equations 1-6, were 
considered to be valid and were retained for the recali- 
bration that was performed using data of four publica- 
tions (STICH & LAMPERT 1984; GLIWICZ & LAMPERT 
1990; GIANI 1991; VANNI & LAMPERT 1992). This led to 
the recalibration of the parameters bl, X ....... ~ope, Ks. slope 
Table 3. Parameter estimates for the calculation of clutch sizes 
using Eq. 5 and Eq. 6 (p = significance level). 
Parameter Value Unit Standard error p 
Xm,x, lope 19.94 eggs 1.41 
K,,,Io~e " 0.36 mg C I -~ 0.03 
/3rain -10.15 eggs 2.33 
uc 1.0 I mgC -1 - 
< 0.001 
< 0.001 
< 0.001 
0.25 Klett 
30- 
~ 20- 
~9 10- 
0- ,  , , , , , 1 
0 1 2 3 
1 Klett / 
/ 
, , , , , , , 
1 2 
Body length (ram) 
1 
~ , J l i J i  
0 1 2 3  
Fig. 3. Regression lines for clutch size.against body length calculat- 
ed by the baseline model in comparison with the data (points) mea- 
sured by HALL (1964). Food levels are given in Klett units (overall r 2 = 
0.872). 
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and flmi,,. In all studies employed for this parameter opti- 
misation, Scenedesmus acutus was used as food source 
and mg C 1-1 as a measure of food quantity. Therefore, 
the generalised model basically interprets the input 
value for food supply as mg C 1-1 Scenedesmus acutus. 
For the recalibration ofthe somatic growth submodel 
12 different growth curves taken from 4 studies were 
used (ST[CH & LAMPERT 1984; GLIWICZ & LAMPERT 
1990; GIANI 1991;VANN~ & LAMPERT 1992). These 
growth curves revealed varying values for the size of 
neonates (Lo) and it did not seem useful to apply one 
fixed value of Lo to all curves. As a solution, we used the 
L0-value of the HALL data (0.35 mm) as a base value and 
included an additive value AL to Eq. 1 with AL -- Lo - 
Lo, H~u where Lo is the actual value of the size of neonates 
Table 4. Parameter estimates of the generalised model. Parameters 
not shown are equal to the values in Table 1 and Table 3. Model re- 
sults for somatic growth (r 2 = 0.954, n = 88) and egg production 
(r 2 = 0.931, n = 35) are in good accordance with the measured data 
(p = significance level). 
Parameter Value Unit Standard error p 
Somatic growth 
bl 10.89.10 .3 d -1 0,20-10 3 <0,001 
Lo, Hall 0.35 mm fixed value *) - 
Egg production 
Xmax, slope 23.83 eggs 6,39 < 0.001 
Ks, slope 0.65 mg C 1-1 0.35 < 0.001 
flm~n -29.28 eggs 2.61 < 0.001 
*) According to HALL (1964). 
Table 5. Generalised model specification. Units of parameters see 
Tables 1 and 3. 
Somatic growth: 
L = Lm~x- (Lmax - 0.35) e-kt+ AL 
whereat: 
1.167. F 
Lm~x = 0-:-5-~-427 + 1.420-2.397 .k 
k=0.0109,  e °,~22 r
AL = Lo -0.35 
Egg production: 
23.83. F E = - - -  L - 29.28 • (1 - e -1 .W) 
0.65 + F 
with 
L = Bodylength (mm) 
t =Age(d) 
Lmax = Maximal body length (mm) 
AL = Additive length term (ram) 
F = Food concentration (mg C [ -1 S, acutus) 
T =Temperature(°). 
in the original growth curve (see also Table 5). By set- 
ting the body length of an individual at the age t = 0 
equal to the respective size of neonates observed this ap- 
proach eliminated the influence of different life histories 
on the shape of the growth curves. This enabled us to il- 
lustrate the influence of temperature and food concentra- 
tion independently of life history plasticity. Finally, pa- 
rameter estimation on the 12 growth curves required the 
recalibration ofone parameter only (b j, value shown in 
Table 4). All other parameters of the somatic growth 
submodel were kept constant. The recalibrated growth 
model reproduced the measured growth curves with a 
high coefficient of determination (r 2-- 0.954, n = 88). 
For the recalibration ofthe egg production submodel 
10 different experiments taken from 3 studies were used 
(STICH & LAMPERT 1984; GLIWICZ & LAMPERT 1990; 
VANNI & LAMPERT 1992). It was necessary torecalibrate 
all involved parameters (except uc). An overall parameter 
estimation of the body length - clutch size relationships 
was conducted (Table 4) and, again, the model results are 
in good accordance with the measured clutch sizes (r 2 = 
0.931, n = 35). A comprehensive d scription of the com- 
plete generalised model specification is given in Table 5. 
Individual based simulation 
As expected, the individual based simulations showed 
an exponential population growth (Fig. 4). At the begin- 
ning of each simulation reproduction was delayed until 
the starting animal (neonate) has reached maturity (e.g. 
6/12 days at 20 °C and 1 mg C l-V0.2 mg C 1 -~ and 29 
days at 10 °C, 0.2 mg C l-l). One further egg develop- 
ment time after reaching maturity the first hatchlings 
were released (e.g. 38 days at 10 °C, 0.2 mg C 1 -~, Fig. 
4). Population birth rate b increased with increasing tem- 
perature and food concentration (Fig. 5). At food con- 
centrations above approximately 0.4 mg C 1-1 Scene- 
desmus acutus temperature was the main determinant of 
IV 
III m 1000 ~FF~ "-- 
"0 
i~ loo 
"~ 10 I 
,5 
Z 
1 
1 ~0 2~0 3hO 4~0 5~0 6~0 
Time (d) 
Fig. 4. Population development within the individual based simula- 
tions at different conditions of food concentration and temperature: 
(I) 10 °C, 0.2 mg C kl; (11) 15 °C, 0.2 mg C I-~; (111) 15 °C, 0.5 mg C I-~; 
(IV) 20 °C, 0.2 mg C 1-1. Due to constant values of temperature, food 
concentration, size at maturity and size of neonates during simula- 
tions the populations showed synchronized growth. 
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i 
~0 
T :roperat°r 
F~I  (h,_ 1 ~ ~r0tOr o i -" 
B   9(31.1 ) 0 TeOp o 
Fig. 5. (A) Application of the generalised model within an individual based simulation: starting with one neonate daphnid the development of 
the population was modelled over 60 days and the population birth rate b (z-axis, d -1) was calculated. Different combinations of temperature 
and food concentration were applied, (B) Theoretical maximal body length calculated by the generalised model for different values of tempera- 
ture and food concentration. 
2.00 
LO cJ 1.00 
0.75 
o e4 0.50 
0.40 
~N Lo 0.30 
x: 0.25 
*~ o 0.20 
- ~ 0.15 O 
O 
I 
O.0 1.0 2.0 3.0 
Length (ram) 
Fig. 6. Body length - clutch size relationship for different food con- 
centrations as calculated by the generalised model. Values at the 
upper end of each line indicate the food concentration (mg C I-~). 
population birth rate. At temperatures below 5 °C no re- 
production was detectable during the simulation period 
of 60 days. Below these temperatures, reproduction was 
limited by slow somatic growth and a long egg develop- 
ment time. Nevertheless, a simulation longer than 
60 days showed a slight population growth even at this 
low temperature. Maximal population birth rates calcu- 
lated in the applied range of temperature and food con- 
centrations were about 0.25 d -1. Increasing food concen- 
tration led to higher clutch sizes (Fig. 6) and larger max- 
imal body length of the adults (Fig. 5) whereas increas- 
ing temperature l d to faster egg development and so- 
matic growth but also to slightly reduced maximal body 
length of the adults (Fig. 5). 
Mode l  app l i ca t ions  
Juvenile growth rate g of individuals was affected as 
well by both, temperature and food concentration, and 
showed a response comparable to the population birth 
rate in the applied range of temperature and food supply 
(Fig. 7). At temperatures above 10 °C, juvenile growth 
rate distinctly decreased atlow food supplies (below ap- 
proximately 0.4 mg C 1-1 Scenedesmus acutus) but this 
reduction was less pronounced than the reduction of 
population birth rate at those food levels. Population 
birth rate was highly correlated with juvenile growth 
rate (Fig. 7, r 2 = 0.95). However, at very low food con- 
centrations the population birth rate showed some devia- 
tions from the calculated regression line (Fig. 7B, open 
circles), i.e. calculated population birth rates were lower 
than estimated from the respective juvenile growth rate. 
The contribution of delayed somatic growth to the 
temperature effects controlling population birth rate 
analysed in the second model application ranged from 
33% to 78% and increased with decreasing temperature 
(Table 6). Thus, besides longer egg development times 
the delayed somatic growth has a considerable influ- 
ence. Delayed somatic growth affected birth rate 
through two processes, firstly, through increasing age at 
maturity and secondly through smaller clutch sizes due 
to lower body lengths. 
According to our findings about he significant effect 
of delayed somatic growth on population birth rate the 
model also proved clear differences in birth rates be- 
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tween scenarios with an either fixed or food-dependent 
size at maturity (SAM). As expected, a reduction of the 
SAM at low food concentrations led to higher birth rates 
due to earlier maturation (Table 7). The SAM at highest 
food concentration (2.5 mg C 1-1) was larger than the ref- 
erence SAM in the standard scenario. Interestingly, this 
increase of SAM did not lead to reduced birth rates but 
to even slightly higher values. This can only be under- 
stood by taking into account the higher clutch sizes in 
the respective first clutch that overcompensated for neg- 
ative effects of later maturation. 
The example of diel vertical migration of Daphnia 
hyalina in Lake Constance is characterised byvery dif- 
ferent environmental conditions of the animals during 
day (30 m depth, 6 °C, 0.07 mgC 1-1) and night (10 m 
depth, 14 °C, 0.16 mg C 1-~). By assuming all individuals 
1.  
I 
o41 
0,~. 
>/  
%d (~  i1.1) 0 
S 
ler0P ero 
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0.2 . * ° 'S  
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Fig. 7. (A) Juvenile growth rate g (d -1) calculated by the generalised model specification. The same ranges of temperature and food concen- 
tration were applied as in Fig. 5. (B) Population birth rate b (d -~, open circles and points) is drawn against juvenile growth rate g (d-l). Birth rate 
is highly correlated with juvenile growth rate (b = 0.416g- 0.06, r 2 = 0.95). The open circles mark results for temperature > 10 °C and food 
supply < 0.2 mg C I -~ S. acutus. Regression and correlation analysis was conducted using all data points. 
Table 6. Population birth rates b at various temperatures and at a limiting food concentration (0.1 mg C I -~) and a non-limiting food concen- 
tration (0.75 mg C I-~). Birth rates of the standard scenario are compared with a manipulated scenario where the temperature ffect of egg de- 
velopment ime was eliminated. Remaining temperature ffects (given as percentages of total temperature ffect in the respective standard 
scenario) must be attributed to delayed somatic growth. 
Food = 0,1 mg C 1-1 Food = 0.75 mg C 1-1 
T (°C) Standard b (d -~) Manipulated b (d -1) Effect (%) Standard b (d -1) Manipulated b (d -~) Effect (%) 
5.0 0.000 0.000 - 0.023 0.066 76.3 
7.5 0.012 0.037 64.7 0.040 0.076 78.2 
10.0 0.027 0.049 60.1 0.060 0.107 67.2 
12.5 0.041 0.055 67.2 0.097 0.132 67.7 
15.0 0.055 0.070 44.4 0.125 0.155 62.2 
17.5 0.073 0.080 33.7 0.162 0.181 54.0 
20.0 0.083 0.083 - 0.203 0.203 - 
Table 7. Population birth rates at different food concentrations and with either a food-dependent size at maturity (left panel) according to 
BOERSMA • VIJVERBERG (1995b) or a fixed size at maturity (independent of food, right panel). 
SAM according to BOERSMA & VIJVERBER6 (1995) SAM independent of food 
Food (mg C 1-1) SAM (mm) Birth rate (d -~) SAM (mm) Birth rate (d -~) 
0.13 1.3 0.107 1.5 0.085 
0.25 1.4 0.132 1.5 0.118 
0.50 1.5 0.154 1.5 0.154 
2.50 1.6 0.182 1.5 0.178 
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staying in the epilimnium for 24h the population would 
realise a birth rate of 0.062 d-L At conditions of vertical 
migration (light : dark = 14 h : 10 h) this birth rate is re- 
duced to 0.026 d-L This reduction to about 40% of the 
birth rate of a non-migrating population clearly reflects 
the costs of diel vertical migration. 
Discussion 
The multiple regression model presented consists of a 
relatively small set of functions, which describe the ef- 
fects of food concentration a d temperature onsomatic 
growth and reproduction ofDaphnia. In general, despite 
its empiric haracter the model is applicable over broad 
ranges of food (0.1 - 4 mg C 1-1 S. acutus) and tempera- 
ture (2-20 °C). Altogether, nine parameters were fitted 
for the multiple regression approach (parameter ucpro- 
vides no degree of freedom). These parameters are con- 
stants and should be valid without recalibration i situa- 
tions within the specified ranges of temperature and 
food supply. Two further application-specific parame- 
ters, the size of neonates and the size at maturity, were 
needed for the individual based simulation as a charac- 
terisation of daphnid life history. 
In experimental studies, variability in individual so- 
matic growth and egg production is observed even at 
conditions of constant temperature and food and can be 
attributed to the plasticity of cladoceran life histories 
(e.g. DE MEESTER & WEIDER 1999). However, it was an 
intended aim of our study to disregard the processes in- 
volved herein and consequently no investigations in- 
volving kairomones in the experimental designs were 
used for the calibration. Existing differences in the life 
histories of the used investigations might be associated 
with clonal differences (DE MEESTER & WEmER 1999) 
or maternal effects (LAMPERT 1993). As there is still a 
lack of any quantitative understanding of cladoceran life 
history plasticity, only pragmatic approaches were avail- 
able. However, with regard to the investigations of LAM- 
PERT (1993) concerning maternal effects of Daphnia, the 
usage of additive terms (AL) on the subject of the size of 
neonates might be a suitable approach. Additionally, 
such effects could be integrated into the model by link- 
ing the size of a neonate to the size of the mother or their 
physiological state and further linking the size at maturi- 
ty of an individual to its own size at birth and the pres- 
ence of kairomones. 
Not only the individual growth but also the popula- 
tion birth rates calculated by the model are in accordance 
with published values (BOERSMA & VIJVERBERG 1995b; 
SPAAK et al. 2000; WEBER 2001). Nevertheless, popula- 
tion birth rates generally showed variability over a rela- 
tively wide range and other investigations revealed high- 
er values (BOERSMA & VIJVERBERG 1995a; DE MEESTER 
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& WEIDER 1999). Clonal differences, the demography of 
the start population, different values for size at maturity 
or varying experimental set-ups (e.g. varying food quali- 
ty) might account for these discrepancies. The model 
predicted a maximal body length an individual could 
ever each under food-saturated conditions of 2.7 mm (at 
10 °C), which is in agreement with FL0SSNER (2000) for 
Daphnia galeata or Daphnia hyalina. Furthermore, the 
calculated values for age at maturity at different temper- 
atures and food concentrations agree well with observed 
values (e.g. DE MEESTER & WHDER 1999). 
Somatic growth, egg production and egg develop- 
ment ime of individual Daphnia were simulated by the 
IBM under different conditions of temperature and food. 
The individual based simulation hereby acts as an inte- 
grator of these three sub-processes and provides the pos- 
sibility to assign the effects of temperature and food to 
the population level. The population birth rate b was 
strongly affected by temperature through its control of 
egg development time and initial somatic growth. Nev- 
ertheless, food had a considerable influence on the popu- 
lation birth rate if its concentration fell below a critical 
value of approximately 0.4 mg C 1-1 Scenedesmus acu- 
tus. Except at those low food levels, population birth rate 
and juvenile growth rate g were highly correlated be- 
cause of their predominant control through temperature. 
Furthermore, if temperature is kept constant, he juve- 
nile growth rate and population birth rate were also cor- 
related ue to their sole dependence onfood concentra- 
tion. Hence, the model supported the results of LAMPERT 
& TRUBETSKOVA (1996) who found a good correlation 
between juvenile growth rate and population birth rate. 
However, at very low food concentrations population 
birth rate was lower than expected according to the cal- 
culated regression line (Fig. 7). One reason for this devi- 
ation is the usage of a fixed length-weight relationship. 
URABE • WANATABE (1991) showed that individuals of 
D. galeata grown under different food supplies differed 
markedly in their length weight relationships, i.e. indi- 
viduals of the same length grown at high food supply 
were heavier than individuals grown under food limita- 
tion. This effect would move the deviating points closer 
to the regression line. But another reason for this devia- 
tion is probably the fact that initial somatic growth can 
be performed from the energy storage of the egg where- 
as population birth rate will be substantially imited due 
to very small clutch sizes at such low food concentra- 
tions. However, although the application of one fixed 
length-weight relationship is problematic, the energy 
storage ffect might be important as well, as it is predict- 
ed by KOOIJMAN (2000) in his concept of dynamic ener- 
gy budget models. 
The application of a food dependent size at maturity 
(SAM) showed a significant influence on population 
birth rate in comparison to the standard scenario with a 
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fixed SAM. Up to now, most modelling approaches to 
Daphnia on the individual evel worked with a fixed 
SAM (e.g. GURNEY et al. 1990; HALLAM et al. 1990; 
KOOIJMAN 2000). Here we demonstrated the great im- 
portance of food dependent SAM at the population level. 
Furthermore, the model output enabled a quantitative 
view on the adaptive value of this variable SAM. Hence, 
further model approaches should include a food depen- 
dent SAM. Another point that has to be checked in fur- 
ther applications i the effect of food dependent size of 
neonates (MCCAULEY et al. 1990) on the population 
birth rate. 
In our model increased food concentrations led to an 
increasing slope of the body length - clutch size rela- 
tionship (see Eq. 5) whereas the intercept of this relation 
concurrently decreased (see Eq. 6). If these lines are 
compared over a range of food concentrations an obvi- 
ous increase of the intercept with the x-axis (clutch size 
is zero) with increasing food concentrations can be ob- 
served (Fig. 6). Further, if this intersecting point with the 
x-axis is interpreted as a kind of physiological size at 
maturity, we found an increasing size at maturity with an 
increasing food concentration asproven by experimen- 
tal works (BOERSMA & VIJVERBERG 1995b; GIEBEL- 
HAUSEN & LAMPERT 2001). Moreover, BOERSMA et al. 
(1996) correlated maximal body size and size at maturi- 
ty and the observed ratio between size at maturity and 
maximal body size was a value averaging 0.62. The 
mean ratio between physiological size at maturity and 
maximal body size in our simulations was 0.56, which is 
comparable with the observations. This accordance is re- 
markable because the ratio between size at maturity and 
maximal body size was no criterion of the parameter fit- 
ting procedure. 
The effects of food and temperature on population 
growth will be particularly important for populations 
performing diel vertical migration (DVM). As our 
model scenario showed migrating populations suffer re- 
duced birth rates due to lower temperatures and food 
concentrations during the day. Due to the dominant in- 
fluence of temperature on population growth we should 
expect he reduction of temperature asthe main limiting 
factor of the gross population growth rate of a migrating 
population. Indeed, this model indication was found ear- 
lier by laboratory investigations (DAWIDOWICZ 1994; 
Loose & DAWIDOWICZ 1994) that proved the tempera- 
ture reduction, and not food reduction, as the main cause 
of costs of DVM. Thus, the model supports this fact. 
Moreover, if the model predictions are sound we should 
expect an exception at very low food concentrations 
(below approximately 0.4 mgC 1-1 Scenedesmus acutus) 
where a further lowering of food supply is becoming 
more costly. Indeed, JOHNSON & JACOBSON (1987) ob- 
served a lack of DVM under low food supply in a meso- 
costa experiment and FLIK & RINGELBERG (1993) found 
comparable results in a field study. With respect o our 
model results this pattern must be interpreted as the 
avoidance of elevated costs. Besides, it has to be consid- 
ered that this critical food concentration could vary in 
situ due to different food quality. 
With this multiple regression model a simple-to-use 
approach for the modelling of daphnid growth and re- 
production is presented. Effects of food concentration 
and temperature could be quantitatively described and 
individual based simulations resulted in reasonable indi- 
vidual as well as population dynamics. This model can 
be applied to detailed simulations of Daphnia popula- 
tion dynamics under ealistic environmental conditions 
and represents a useful tool to empirical scientists who 
want to interpret their findings by means of a model. 
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